Binge drinking represses host innate immunity and leads to a high risk of infection. Acute EtOH-pretreated macrophages exhibit a decreased production of proinflammatory mediators in response to LPS. ATF3 is induced and counter-regulates the LPS/TLR4 inflammatory cascade. Here, we investigated the potential role of ATF3 in LPS tolerance in acute ethanolpretreated macrophages. We found that there was an inverse correlation between ATF3 and LPS-induced TNF-a production in acute ethanol-pretreated murine monocytes and macrophages. The knockdown of ATF3 attenuated the inhibitory effects of acute ethanol treatment on LPS-induced TNF-a production. Furthermore, ChIP assays and co-IP demonstrated that ATF3, together with HDAC1, negatively modulated the transcription of TNF-a. In binge-drinking mice challenged with LPS, an up-regulation of ATF3 and HDAC1 and a concomitant decrease in TNF-a were observed. Given that HDAC1 was concomitantly induced in acute ethanolexposed monocytes and macrophages, we used the HDACi TSA or silenced HDAC1 to explore the role of HDAC1 in acute ethanol-treated macrophages. Our results revealed that TSA treatment and HDAC1 knockdown prevented acute ethanol-induced ATF3 expression and the inhibition of TNF-a transcription. These data indicated a dual role for HDAC1 in acute ethanol-induced LPS tolerance. Furthermore, we showed that the induction of ATF3 led to the impaired migration of BM monocytes and macrophages. Overall, we present a novel role for ATF3 in the inhibition of LPS-induced TNF-a and in the impairment of monocyte and macrophage migration.
Introduction
Alcohol consumption causes a considerable number of diseases and injuries [1] . Compared with chronic alcohol consumption, the acute, moderate intake of alcohol and binge drinking, which accounts for .75% of alcohol consumption, is becoming more prevalent worldwide. In adolescent and college-age populations, the prevalence of binge drinking is rising at an alarming rate and causes numerous social and public health issues [2] . Emerging evidence suggests that binge drinking interferes with innate immune surveillance and increases host susceptibility to infections [3, 4] . Although the molecular mechanisms by which chronic alcohol exposure causes macrophage hypersensitivity are well established, the impact of binge drinking has received little attention.
Monocytes and macrophages comprise the majority of the innate immune system and play a pivotal role in defending a host against pathogens. The infiltration of monocytes and macrophages to the site of infection and the increased production of inflammatory mediators are hallmarks of the innate immune response [5] . Monocytes and macrophages recognize pathogens via an array of TLRs. LPS and endotoxin, which is a TLR4 ligand, activate the NF-kB-mediated transcription of inflammatory mediators, such as TNF-a, in monocytes and macrophages [6] . Both chronic and acute alcohol use can increase the circulating levels of endotoxin, and studies have illustrated the pathogenic role of LPS in alcoholic liver diseases [7] . In contrast to the augmentation of LPS-induced inflammatory responses caused by chronic alcohol exposure [8] , acute alcohol use suppresses the production of IL-1b, IL-6, and TNF-a both in vivo and in vitro in monocytes and macrophages [9] [10] [11] . The anergy of TLR4 to LPS is defined as LPS/TLR4 tolerance and is characterized by a decrease in the output of proinflammatory cytokines, such as TNF-a [12] . Although LPS tolerance has been considered to be a protective mechanism against septic shock, it also represents a state of immunoparalysis and is associated with a high risk of secondary infections [13, 14] . Acute alcohol exposure or binge drinking induces LPS tolerance in monocytes and macrophages. This, in turn, results in decreased pathogen clearance and an increased susceptibility to sepsis in trauma patients [4, 10, 15] . Thus, the investigation of the underlying mechanisms that contribute to LPS/TLR4 tolerance would enable the design of optimized therapeutic strategies for the treatment of complications arising from binge drinking.
ATF3, a member of the CREB family of basic leucine zipper transcription factors, is transiently expressed in a cell typespecific and stimulation-dependent manner [16] . ATF3 exhibits diverse immunoregulatory roles. In macrophages, ATF3 restrains immune activation in response to LPS by recruiting HDAC1 to remodel chromatin [17] . Acute and chronic alcohol stimulation can induce ATF3 in hepatocytes and pancreatic b cells, respectively [18, 19] . However, the alteration of ATF3 expression and its role in acute EtOH-exposed monocytes and macrophages remain undefined.
With the consideration of the negative roles that ATF3 and acute EtOH exposure play in the LPS/TLR4 cascade, we hypothesized that ATF3 contributes to acute EtOH-induced LPS/TLR4 tolerance. Herein, we report that ATF3 expression is induced by acute EtOH exposure in monocytes and macrophages. The up-regulation of ATF3 contributes to acute EtOHinduced LPS tolerance, as indicated by the decreased production of LPS-induced TNF-a. In this context, HDAC1 not only coordinates with ATF3 to suppress LPS-induced TNF-a but also contributes to the regulation of ATF3 expression. Furthermore, we show that the up-regulation of ATF3 is associated with the impaired migration of acute EtOH-exposed monocytes and macrophages. Taken together, our data suggest that ATF3 plays an unappreciated immunoregulatory role in acute EtOHexposed monocytes and macrophages.
MATERIALS AND METHODS

Animal studies
Male C57BL/6 mice (Anhui Medical University Experimental Animal Center, Hefei, China), 8-10 wk old and 22-24 g, were used in the experiments. The mice were randomly divided into 2 groups. EtOH was administered as a 32% v/v solution. The model group was administered EtOH by gavage at a dose of 4.5 g/kg, which resulted in circulating EtOH levels of up to 100 mg/dl and led to a lethargic state [20] . The pair-fed group received a gavage of maltodextrin (a control for EtOH-derived calories). Twelve hours after gavage and 2 h before euthanization, some of the mice were i.p. injected with LPS from Escherichia coli (0111:B4; 0.5 mg/kg; Sigma-Aldrich, St. Louis, MO, USA). Plasma was collected for assays and stored at 280°C, 12 h after gavage. The procedures were performed in accordance with the guidelines set forth by the Anhui Medical University Animal Care and Use Committee.
FACS
Blood and total BM cells were extracted from the legs (femora and tibiae) of mice and were lysed with RBC Lysis Buffer to remove the erythrocytes. The remaining cells were then blocked with purified anti-mouse CD16/32 (BioLegend, San Diego, CA, USA), according to the manufacturer's instructions. The antibodies used for the staining included the following: CD45, LY6C, and CD11b (BioLegend); CD3e, CD45R/B220, LY6G, andNK1.1 (BD Biosciences, San Jose, CA, USA); and CCR2 (R&D Systems, Minneapolis, MN, USA). After staining, the cells were kept at 4°C and analyzed or sorted for use in subsequent assays (FACSAria II; BD Biosciences). Monocytes were characterized as CD45
The data were analyzed with FlowJo software (Tree Star, Ashland, OR, USA).
Isolation of Kupffer cells
Mice were anesthetized by the i.p. administration of Nembutal (SigmaAldrich).The livers were perfused via the portal vein with a solution of 0.05% (v/v) collagenase (Sigma-Aldrich) and then mechanically disrupted in a buffer solution containing 5% BSA. The liver homogenate was filtered through a mesh (200 mm) and centrifuged at 60 rpm for 3 min at 4°C to remove the parenchymal cells. The supernatant containing the Kupffer cells was further purified by isopycnic centrifugation. Anti-F4/80 (BioLegend) was used to stain for and assess the purity of the isolated Kupffer cells.
Cell culture and treatment RAW264.7 macrophages and Kupffer cells were cultured in DMEM, supplemented with 10% FBS, 100 U/ml penicillin, 100 U/ml streptomycin, and 2 mM L-glutamine at 37°C and 5% CO 2 . In EtOH stimulation experiments, the cells were pre-exposed to EtOH at different concentrations for the indicated times (0, 6, 12, 24, and 48 h) and then treated with or without 100 ng/ml LPS for 2 or 12 h. An EtOH concentration of 50 mM equates to a blood alcohol level of ;0.2 g/dl. Acute EtOH exposure is referred to as the short time of alcohol stimulation from 15 min to 24 h [11, 21] . Cell viability was not affected by LPS or EtOH stimulation. For the inhibition of HDAC1 activity, macrophages were starved with serum-free medium overnight and then treated with 50 nM TSA (Sigma-Aldrich) for 2 h before EtOH and LPS stimulation, as described in the figure legends.
RNA extraction and SYBR Green qPCR
Total RNA was extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA), according to the manufacturer's instructions, and was quantified by spectrophotometry. cDNA was synthesized using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). The SYBR Green PCR Kit (Qiagen) was used, according to the manufacturer's instructions. The PCR reaction was carried out using an Applied Biosystems 7500HT (Thermo Fisher Scientific, Foster City, CA, USA). All of the primers were synthesized by Thermo Fisher Scientific (Shanghai, China), and the sequences are shown in Table 1 . At each cycle, the accumulation of PCR products was detected by monitoring the increase in fluorescence using the dsDNA-binding dye SYBR Green. The fold-change was calculated as 2 244 comparative threshold cycle, with the control groups given a value of onefold.
ELISA
Plasma and cell-free supernatants were collected from mice and RAW264.7 macrophage cultures, respectively, and stored at 280°C until assessed. The levels of TNF-a, IL-1b, and IL-6 in the plasma or supernatants were analyzed using Platinum ELISA Kits (eBioscience, San Diego, CA, USA). Endotoxin in the plasma was detected using the Chromogenic LAL Endotoxin Assay Kit (GenScript, Nanjing, China), according to the manufacturer's instructions.
Protein extraction and immunoblot analysis
Total protein, plasma protein, and nuclear protein were collected, according to the protein extraction kit protocol (Epigentek, Farmingdale, NY, USA). Equal amounts of protein were resolved by SDS-PAGE, and immunoblot was performed. The antibodies used were anti-ATF3 (Santa Cruz Biotechnology, Dallas, TX, USA), anti-HDAC1 (Cell Signaling Technology, Danvers, MA, USA), anti-actin (Sigma-Aldrich), and Anti-Histone H3 (Merck KGaA, Darmstadt, Germany). The proteins were detected using Amersham ECL Prime Western Blotting Detection Reagent (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's instructions. Biotechnology). Protein A/G PLUS-Agarose (Santa Cruz Biotechnology) was added, and the mixtures were incubated overnight at 4°C. HDAC1 was immunoprecipitated and detected by Western blotting using a mouse anti-HDAC1 antibody.
ChIP assay
The ChIP assay was performed using an EZ-ChIP kit (EMD Millipore, Billerica, MA, USA), according to the manufacturer's protocol with some modifications. In brief, RAW264.7 macrophage cells were treated with 50 mM EtOH for 12 h, incubated in 1% formaldehyde for 10 min at 37°C to induce cross-linking, and lysed on ice with SDS lysis buffer. The resulting pellet was then sonicated to shear the cross-linked DNA to a length of 200-1000 bp. The sheared chromatin samples were precleared with protein A/G PLUS-Agarose at 4°C overnight, and the chromatin was immunoprecipitated with 5 mg of an anti-ATF3 antibody (Santa Cruz Biotechnology) overnight at 4°C. Specific DNA oligonucleotide primers for ChIP analysis were obtained from Thermo Fisher Scientific (Shanghai, China); the sequences are shown in Table 1 . SYBR Green qPCR was performed using the Applied Biosystems 7500HT (Thermo Fisher Scientific, Foster City, CA, USA) sequence detection system, and input DNA served as a reference control.
siRNA transfection ATF3 siRNA, HDAC1 siRNA, and control siRNA were purchased from Santa Cruz Biotechnology. RAW264.7 macrophages were transfected with siRNA in Opti-MEM containing Lipofectamine RNAiMAX for 24 h (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's instructions. The efficiency of siRNA knockdown was confirmed by qPCR or immunoblotting. Twenty-four hours after transfection, the cells were exposed to EtOH or LPS and used in subsequent assays.
IF
RAW264.7 macrophages were seeded onto coverslips precoated with poly-L-lysine in 24-well plates. The cells were pretreated with 50 mM EtOH for 12 h and then treated with or without 100 ng/ml LPS for 2 h. The cells were washed 3 times with cold PBS, fixed with 4% paraformaldehyde, and permeabilized with 0.3% Triton X-100. Nonspecific binding sites were blocked by incubating the cells in PBS containing 1% BSA for 1 h at room temperature. The cells were incubated overnight with anti-ATF3 and anti-HDAC1 in PBS containing 0.3% Triton X-100 and 1% BSA. After washing with 0.2% Tween 20 in PBS, 4 times for 5 min, the cells were incubated with Alexa Fluor 647-conjugated goat anti-rabbit and Alexa Fluor 488-conjugated goat anti-mouse (Jackson ImmunoResearch, West Grove, PA, USA) secondary antibodies for 30 min at room temperature. The coverslips were mounted onto glass slides using ProLong Gold Antifade Reagent with DAPI mounting medium (Thermo Fisher Scientific, Waltham, MA, USA). Fluorescence was imaged on a Leica fluorescent microscope (DM6000) using a 1003 oil objective.
Transwell migration assays
The migration of monocytes and macrophages was determined using a modified Boyden chamber (Corning, Corning, NY, USA). RAW cells were preincubated with 50 mM EtOH for 12 h. Later, 2 3 10 4 RAW cells or BM monocytes were added to the upper wells (24-multiwell Boyden microchambers), and 10 ng/ml rmMCP1 (PeproTech, Rocky Hill, NJ, USA) was added as the chemoattractant in the lower chamber. After a 12-h incubation at 37°C and 5% CO 2 , then nonmigratory cells on the upper membrane surface were removed with a cotton swab, and the traversed cells were fixed with 90% EtOH for 30 min and stained with 0.1% crystal violet. The number of migratory cells per membrane was counted on a microscope with a 103 objective. Four random fields in each membrane were examined. Each experiment was performed 3 times, and migration was expressed as the mean 6 SD of the total number of cells.
Statistical analysis
The data analysis was performed using Prism 5.0 software (GraphPad, San Diego, CA, USA). Differences between 2 groups were compared using Student's t test. Multiple group comparisons were made using the one-way ANOVA test, followed by Newman-Keuls post hoc testing. The data are presented as the means 6 SD and considered significant at P , 0.05 or 0.01.
RESULTS
Acute EtOH exposure induces ATF3 expression and LPS/TLR4 tolerance macrophages only within the first 12 h (Fig. 1A) . The expression of ATF3 protein was significantly up-regulated in macrophages, peaking between 6 and 12 h and returning to basal levels after 24 h (Fig. 1B) . Moreover, acute EtOH exposure regulated ATF3 expression in a dose-dependent manner, as exposure to 50 or 100 mM EtOH for 12 h significantly induced ATF3 expression, whereas stimulation with 200 mM EtOH for 12 h obviously downregulated ATF3 expression (Fig. 1C) . We further investigated the combined effect of acute EtOH exposure and LPS on ATF3 expression. As shown in Fig. 1D , the induction of ATF3 was EtOH dependent, irrespective of LPS challenge. Acute EtOH exposure induces LPS tolerance [9, 11, 22] . As shown in Fig. 1E and F, LPS-induced TNF-a mRNA transcription and protein production were significantly inhibited or upregulated in macrophages pretreated with 50 mM EtOH for 12 or 48 h, respectively. Prolonged EtOH exposure led to an elevation in LPS-induced transcription of the IL-6 and IL-1b genes, but acute EtOH pretreatment for 12 h had a minute effect on the transcription of these genes in the presence of LPS stimulation. Moreover, there was no difference in the secretion of LPSinduced IL-1b and IL-6 protein when the cells were pretreated with 50 mM EtOH for 12 or 48 h. In summary, our results clearly suggest a potentially inverse relationship between ATF3 expression and the production of LPS-induced TNF-a in acute EtOHpretreated macrophages.
ATF3 specifically decreases the production of LPS-induced TNF-a
Considering that ATF3 expression was inversely correlated with the production of LPS-induced TNF-a in acute EtOH-preexposed RAW macrophages, we further investigated the role of ATF3 in acute EtOH-induced LPS tolerance. We silenced ATF3 with siRNA to assess the alteration of LPS-induced TNF-a production in acute EtOH-pretreated macrophages. The efficiency of ATF3 siRNA knockdown was confirmed at the mRNA and protein levels ( Fig. 2A) . ATF3 knockdown resulted in a noticeably augmented production of LPS-induced TNF-a at the mRNA and protein levels ( Fig. 2B and C) . Consistent with acute EtOH-induced LPS tolerance in RAW cells, acute exposure to EtOH increased ATF3 protein levels and decreased the LPSinduced transcription of the TNF-a gene in isolated Kupffer cells ( Fig. 2D and E) . Overall, our results clearly suggest that ATF3 expression specifically inhibits the production of LPS-induced TNF-a in acute EtOH-pretreated macrophages in vitro.
ATF3 interacts with HDAC1 to decrease LPS-induced TNF-a transcription in acute EtOH-exposed macrophages Once induced, ATF3 translocates into the nucleus and inhibits the transcriptional activation of proinflammatory mediators [23, 24] . We detected an increase in the nuclear translocation of ATF3 in macrophages following pretreatment with 50 mM EtOH for 12 h in the presence or absence of LPS stimulation (Fig. 3A) . To validate ATF3 as a transcriptional regulator in the context of acute EtOH exposureinduced LPS/TLR4 tolerance, we performed ChIP assays. Our results revealed elevated levels of ATF3 bound at the TNF-a, MCP1, IL-6, and IL-1b promoter sites in acute EtOH-stimulated macrophages. A greater enrichment of ATF3 was detected at the ATF/CREB sites of the TNF-a promoter compared with those of other inflammatory mediators (Fig.  3B ). HDAC1 is a cofactor that contributes to the ATF3-mediated transcriptional inhibition of LPS-induced inflammatory cytokines. Our studies showed an increase in the amount of ATF3 that colocalized with HDAC1 in the nuclei of acute EtOH-pretreated macrophages. LPS stimulation enhanced this effect (Fig. 3C) . HDAC1 was specifically precipitated with an anti-ATF3 antibody in macrophages acutely treated with EtOH in the presence of LPS (Fig. 3D) . Furthermore, pretreatment with TSA, an HDACi, abrogated the inhibitory effect of acute EtOH treatment on the transcription of LPS-induced TNF-a in macrophages (Fig. 3E) . Collectively, our results indicate that ATF3 and HDAC1 are jointly responsible for acute EtOH-induced LPS/TLR4 tolerance in macrophages.
HDAC1 regulates ATF3 induction in acute EtOH-pretreated macrophages
As demonstrated in Fig. 3C , a simultaneous elevation of HDAC1 and ATF3 protein levels was observed in the nuclei of acute EtOH-stimulated macrophages. Thus, we next investigated the alteration of HDAC1 in acute EtOH-treated macrophages. Figure 4A reveals that there was a simultaneous alteration in HDAC1 and ATF3 protein levels in acute EtOH-treated macrophages. This raises the question of whether HDAC1 merely acts as a cofactor of ATF3 in the transcriptional modulation of LPS-induced TNF-a in acute EtOH-pretreated macrophages. We found that TSA pretreatment significantly decreased acute EtOH-induced ATF3 protein expression (Fig. 4B) . As TSA inhibits various HDACs, we also specifically inhibited HDAC1 using siRNA. The knockdown of HDAC1 abolished acute EtOHinduced ATF3 expression (Fig. 4C) and consequently, resulted in a noticeable elevation in LPS-induced TNF-a mRNA levels in acute EtOH-pre-exposed macrophages (Fig. 4D) . Thereby, we inferred that HDAC1 not only acts as a cofactor of ATF3 in transcriptional regulation but that it is also responsible for the induction of ATF3 in acute EtOH-treated macrophages.
Binge drinking inhibits TNF-a release in response to LPS stimulation in mice
Appropriate inflammatory responses are critical to address invading pathogens. Acute EtOH exposure suppresses the production of proinflammatory cytokines, which probably leads to the decreased bactericidal activity of macrophages and neutrophils [22, 25] . Increased endotoxin resulting from acute Macrophages transfected with ATF3 siRNA were acutely pre-exposed to EtOH and then stimulated with 100 ng/ml LPS for 2 or 12 h. TNF-a mRNA and protein levels were measured by qPCR and ELISA, respectively. (D) The protein levels of ATF3 in acute EtOH-exposed mouse Kupffer cells were measured by immunoblotting. (E) Following challenge with 100 ng/ml LPS for 2 h, TNF-a mRNA levels in acute EtOH-pre-exposed Kupffer cells were measured by qPCR. The results represent the means 6 SD of 3 independent experiments. *P , 0.05; #P , 0.01. alcohol consumption can effectively induce the release of proinflammatory mediators in human monocytes in vitro [26] . We found that binge drinking led to elevated levels of ALT and endotoxin in mouse blood ( Fig. 5A and B) . However, the mRNA levels of TNF-a, IL-6, and IL-1b in blood monocytes were lower in binge-drinking mice than in control groups (Fig. 5C ). The increased ATF3 and its corepressor HDAC1 protein levels, observed in the monocytes of binge-drinking mice, were Macrophages transfected with HDAC1 siRNA were exposed to 50 mM EtOH for 12 h and then stimulated with 100 ng/ml LPS for 2 h. TNF-a mRNA was detected by qPCR. All of the results represent the means 6 SD of 3 independent experiments. *P , 0.05. consistent with the results obtained in vitro (Fig. 5D ). Binge drinking alone had no effect on TNF-a release, but it obviously decreased the serum levels of LPS-induced TNF-a in vivo (Fig.  5E ). IL-6, but not IL-1b, was significantly increased in the serum following binge drinking and LPS challenge (Fig. 5E ).The impact of binge drinking on the production of inflammatory cytokines appears to be a complex process. Our results indicate that the immunosuppressive effect of acute EtOH exposure makes sense in the context of LPS-induced TNF-a production in vivo.
Acute EtOH exposure inhibits the migration of monocytes and macrophages via the induction of ATF3
Murine monocytes are divided into 2 major subsets based on the presence of specific surface markers and chemokine receptors. During infection and inflammation, circulating monocytes that express high levels of Ly6C and CCR2 are recruited to inflamed sites in a manner that is dependent on the CCL2/CCR2 axis [27] . Here, binge drinking had no impact on the pool of peripheral monocytes (Fig. 6A) , including the proportion of total monocytes in CD45 + leukocytes and classic Ly6C hi CCR2 + subsets. With the consideration that monocytes are derived and released from BM [28] , we tested the effect of acute EtOH exposure on the migration of BM monocytes. Our results showed that binge drinking resulted in the impaired migration of BM monocytes toward rmMCP1 (Fig. 6B) . We have detected a significant elevation of ATF3 and HDAC1 in the bloodstream after acute EtOH intake (Fig. 5D) . Here, a consistent elevation of ATF3 existed in BM monocytes after acute EtOH exposure (Fig. 6C) . ATF3 has been reported to be involved in the migration of neutrophils, and we reveal that acute EtOH treatment also inhibited the migration of macrophages in vitro (Fig. 6D) . Thus, we transfected RAW macrophages with ATF3 siRNA to determine the association between increased ATF3 and the impaired migration of monocytes and macrophages in the context of acute EtOH stimulation. Figure 6D shows that the knockdown of ATF3 restored the impaired macrophage migration caused by acute EtOH treatment. Collectively, our results suggest that ATF3 is a novel regulator of mouse monocyte and macrophage migration.
DISCUSSION
Binge drinking compromises the host innate immune response and results in a high risk of infection [1, 29] . In this study, we report a novel mechanism by which acute EtOH intoxication interferes with innate immune responses. We demonstrate that acute EtOH-induced ATF3 contributes to LPS/TLR4 tolerance in murine monocytes and macrophages. In acute EtOHpretreated macrophages, ATF3 selectively inhibits LPS-induced TNF-a at the mRNA level by recruiting HDAC1 as a corepressor. Interestingly, HDAC1 not only acts as a coregulator, but it also regulates acute EtOH-induced ATF3 expression. Meanwhile, we report for the first time that ATF3 is a novel modulator of monocyte and macrophage migration.
Multiple studies have indicated that acute EtOH exposure results in LPS/TLR4 tolerance, as indicated by suppressed proinflammatory cytokine release in response to LPS challenge [9, 30, 31] . Various gene regulators contribute to acute alcoholinduced LPS tolerance, including NF-k-gene-binding p50 [32] , B cell chronic lymphocytic leukemia/lymphoma 3 [10] , heat shock protein 70 [11] , and some kinases, such as p38, ERK1/2, and IL-1R-associated kinase-monocyte [31] . Studies have illustrated that ATF3 is induced by TLR stimulation to prevent the excessive production of proinflammatory mediators as part of a negative-feedback loop [33] . Here, we report a novel role for acute EtOH-induced ATF3 in LPS/TLR4 tolerance in murine monocytes and macrophages, as indicated by decreased TNF-a production. ATF3 function is highly dependent on the context and the disease. On the one hand, ATF3 protects the host against LPS-induced endotoxemia [34] , and increased ATF3 inhibits neutrophil-mediated inflammation in the allergic airway [35] . On the other hand, reactive oxygen species-induced ATF3 contributes to the high risk of secondary infections in sepsis Blood monocyte lysates were subjected to immunoblotting using anti-ATF3 and anti-HDAC1 antibodies. (E) The plasma TNF-a, IL-6, and IL-1b protein levels in each group were measured by ELISA. I.P, intraperitoneal injection. The data represent the means 6 SD, n = 5. *P , 0.05; #P , 0.01.
patients [36] , and ATF3 expression leads to attenuated NK celleffector responses to CMV and increased murine liver damage [37] . Binge-drinking mice exhibit a defective inflammatory response, which is probably followed by lethal systemic inflammation. We demonstrated here that binge drinking led to increased ATF3 expression in mouse peripheral monocytes and concurrently decreased serum TNF-a protein levels in response to additional LPS stimulation. Monocytes and macrophages are the primary cells that respond to LPS challenge, and we have established a role for ATF3 in acute EtOH-induced LPS tolerance. Hence, our results suggest a potential association between ATF3 and a decrease in LPS-induced TNF-a in vivo.
ATF3 dimerizes with other ATF/CREB proteins, including ATF2, c-Jun, Jun B, and Jun D, to repressor activate gene transcription [38, 39] . HDACs play a critical role in regulating gene expression by controlling histone acetylation and limiting DNA accessibility [40] . Transcription factors recruit HDACs to regulate the expression of target genes. HDAC1 has been listed as a coregulator of NF-kB and ATF3 [17, 41] . ATF3 negatively regulates TLR signaling by recruiting and interacting with HDAC1 to antagonize the NF-kB-mediated transcriptional activation of target genes [17] . Binge drinking results in decreased HDAC1 mRNA levels in mouse liver [42] . In contrast, our results demonstrated a simultaneous elevation of HDAC1 and ATF3 protein levels in acute EtOH-treated monocytes and macrophages. This discrepancy regarding HDAC1 levels might be attributed to differences in cell types, the duration of the experiments, and feeding patterns. Although the role of HDAC1 in the ATF3-mediated adaptive inflammatory network has been well defined, its function in the regulation of acute EtOH-induced LPS/TLR4 tolerance has not been explored. Our data confirmed the involvement of HDAC1 in ATF3-mediated LPS tolerance in acute EtOH-exposed macrophages.
ATF3 expression is dependent on stress signals and is regulated by various upstream signaling molecules, such as MAPKs, p53, protein kinase C, and NF-kB [33] , among others. HDACi have been used as anti-cancer drugs as a result of their ability to regulate the cell cycle and apoptosis [43] . Recent findings suggest that HDACs have a wide impact on innate immunity, and many chemical classes of HDACi have exhibited anti-inflammatory potential in animal models [44] [45] [46] . The finding that HDAC1 and ATF3 are simultaneously induced by acute EtOH stimulation prompted us to investigate the relationship between the proteins. To our surprise, TSA treatment results in decreased ATF3 expression and increased LPS-induced TNF-a in acute EtOH-pretreated macrophages. The silencing of HDAC1 also abrogates the inductive effect of acute EtOH on ATF3 expression. Hence, we revealed an unexpected role for HDAC1 in acute EtOH-induced LPS tolerance and uncovered the possibility that HDAC1 acts upstream of ATF3 expression. Unfortunately, this study did not determine the mechanism by which HDAC1 regulates ATF3 induction. With the consideration of the negative role that HDAC1 plays in transcription, we can exclude the possibility that HDAC1-mediated ATF3 expression occurs at the transcriptional level. An amino acid sequence scan of ATF3 reveals various potential sites for its post-translational modification [33] . Based on this finding and the direct interaction between ATF3 and HDAC1, it will be interesting to explore the molecular mechanism by which HDAC1 contributes to acute EtOH-induced ATF3 in the future. Monocytes and macrophages play a sentinel role in host defense. Murine monocytes are derived from committed BMresident progenitors and are divided into classic and nonclassic monocytes that differ in the expression of the Ly6C antigen and the major chemokine receptor CCR2. Classic Ly6C hi monocytes are poised to extravasate rapidly to inflammatory sites, depending on CCL2/CCR2 signaling [47] . In response to inflammatory stimuli, Ly6C hi monocytes (also known as inflammatory monocytes) infiltrate and differentiate into proinflammatory macrophages and TNF-producing dendritic cells in inflamed tissue [48] . Consistent with the belief that binge alcohol drinking compromises the host innate immune response, we found that neither the total number of monocytes nor the Ly6C hi CCR2
+ inflammatory subsets present in the blood were affected by acute alcohol intoxication and that the Ly6C hi CCR2 + inflammatory subset exhibited decreased the TNF-a, IL-6, and IL-1b mRNA levels in response to elevated levels of circulating endotoxin. The CCL2/CCR2 axis is responsible for the migration of LY6C hi monocytes and macrophages. Acute EtOH exposure and ATF3 can individually decrease CCL2 or MCP1 gene expression [49] . ATF3 is an inhibitor of neutrophil differentiation. Neutrophils overexpressing ATF3 exhibit normal morphology but impaired Ly6G expression [50] . Moreover, ATF3
2/2 neutrophils exhibit a profound migration defect [51] . The development and function of MCs are highly dependent on ATF3, and ATF3-null mice display MC defects and dysfunction in the peritoneum and dermis [52] . In this study, acute EtOH exposure resulted in increased ATF3 expression, as well as the impaired migration of monocytes and macrophages in the presence of MCP1. With the consideration of the role of ATF3 in the differentiation and function of immune cells, our study raises this possibility that acute EtOH-induced ATF3 counter-regulates the MCP1 signaling-dependent migration of monocytes and macrophages. However, the definite mechanism by which this occurs needs to be further elucidated.
Conclusively, our work describes novel, complex roles for ATF3 in acute EtOH-treated monocytes and macrophages, demonstrating that increased ATF3 contributes to LPS/TLR4 tolerance and impaired migration (Fig. 7) .Given the immunosuppressive effects of binge alcohol consumption, our findings highlight the potential for modulating ATF3 expression to establish the appropriate innate immunity for host defense against infectious agents. 
